INTRODUCTION
Insufficient mechanical reconstruction of the hip joint anatomy and biomechanics remains a challenge in total hip arthroplasty (THA) and can lead to inferior clinical results, such as leg length discrepancy, inaccurate offset reconstruction, or dislocations [1] [2] [3] . The reconstruction of femoral offset and leg length can be especially challenging when facing severe acetabular dysplasia or femoral deformities. Mechanical reconstruction can be improved by the use of modular femoral necks that can create several options for femoral neck version, neck-shaft angle, and femoral offset [4] [5] [6] [7] [8] [9] . The use of modular necks has increased in recent years, and there are some reports of good mid-and long-term clinical outcomes [6, 7, 10] . The documentation of long-term clinical outcome is limited and there are theoretical concerns of mismatch fretting and corrosion [11, 12] . In the last year fractures of femoral modular necks have been reported [13] [14] [15] . The Australian Joint Replacement Registry has reported a significantly higher revision rate for modular necks compared to conventional THA [16] . A recent study from the Swedish Hip Arthroplasty Register reported an increased rate of aseptic loosening for the small size Lubinus and Spectron stem combined with the largest neck lengths, indicating that increased neck length for some stems can lead to inferior outcomes [17] .
The preservation of proximal bone stock and the initial fixation of the femoral stem are fundamental goals in THA. These features can be addressed by experimentally measuring the cortical strain pattern of the proximal femur, and the micromovements between the bone and implant. The alteration of neck angle and femoral offset can be expected to influence the load transfer to the proximal femur and the micromovements on the bone-implant interface. One previous finite element study reported no changes in strains in the bone and cement mantle of a cemented femoral stem coupled to a modular neck with varying offsets and versions [18] . Another strain gauge study showed significant correlation between compressive bone strains and the side towards which the modular neck was oriented on a cementless stem [19] . There are no previous reports in the literature on the influence of modular necks on the implant-bone relative micromotion.
A system of large diameter femoral heads offers the same possibilities as modular necks for changing version and neck-shaft angles. In this system different configurations are obtained by displacing the taper insert of a standard femoral stem eccentrically into the prosthetic femoral head.
Increasing the neck length of a femoral stem, combined with a reduction of neck-shaft angle or retroversion of the femoral neck axis could influence the strain pattern, and hence bone remodelling, of the proximal femur and the primary stability of the femoral stem. The aim of this study was to investigate the changes in the proximal femoral strain and micromotion pattern of an uncemented femoral stem with a femoral head with increased offset, altered neck version, and femoral neck-shaft angle.
MATERIALS AND METHODS
This study used 11 single human cadaver femurs. The bone mineral density (BMD) of the proximal femur was obtained by dual energy X-ray absorptiometry (Hologic Discovery A, Bedford, USA). One femur had a T-score less than 22.0 and was excluded from the study. A total of 10 femurs, seven males and three females, of average age 57.8 years (range 44 to 71 years) were thus included in the study. Neck-shaft angles of the specimens were obtained using a goniometer. The specimen characteristics are listed in Table 1 . Each femur was Xrayed and found to have normal anatomy and no localized skeletal abnormalities. The study was approved by the regional medical research ethics committee.
Implant system
All femurs were implanted with a straight uncemented femoral stem (Summitä high offset, DePuy International Ltd, Leeds, UK) by an experienced surgeon using the procedure recommended by the manufacturer.
A standard head of 32 mm diameter was used as a control. The experimental head (ASRä XL Anatomic Head System, DePuy International Ltd, Leeds, UK) had a diameter of 47 mm. Both the standard and experimental femoral heads were made of a CoCr alloy. The experimental head consisted of two parts: an outer spherical part and an inner sleeve (Fig. 1) . The insert of the sleeve was placed eccentrically into the outer part. This allowed for an eccentric displacement of the entry for the taper of the femoral neck. The maximum displacement was 8 mm, which corresponds to a change in femoral neck angle of 6°w hich it could be adjusted in any desired direction. In this experiment, two positions of the experimental head were examined (Fig. 1) . Position 1 was a maximally anterior displacement of the taper into the femoral head that corresponds to 6°of retroversion of the femoral neck axis. Position 2 was a maximal superior displacement of the taper, which corresponds to a reduction of the neck-shaft angle from 130 to 124°. The sleeve of the experimental head was extended compared to that of the standard head causing an increased neck length of 10.5 mm.
Femur preparation
The femurs were prepared according to a previously established protocol [20] . Frozen femurs were thawed at room temperature before testing. The femoral condyles and the anteversion of the femoral neck were used as references for the frontal and sagittal planes, and the centre axis of the femur was preserved while the distal part of the femur was cemented into a metal cylinder. The proximal 25 cm of the femur, measured from the tip of the greater trochanter, was kept above the cylinder. The abductor muscle was simulated by a Nylon strap attached to the lateral aspect of the greater trochanter using epoxy glue and five small screws.
The hip simulator
The femur was mounted into a custom-made hip jig [20] and loaded in a material testing machine (MTS 858 MiniBionix II, MTS Systems Corporation, Eden Prairie, Minnesota) (Fig. 2) . The femurs were tilted 12°into valgus, to mimic the physiological inclination of a one-legged stance [21] . The jig allowed the femur to rotate freely around its longitudinal axis and to tilt freely in the medial-lateral plane to avoid unphysiological bending moments.
The femurs were tested in a total of four different test setups. Strain and micromotion measurements were performed for all femurs, and they were subjected to two load configurations: first, a one-legged stance and second, stair climbing. The one-legged stance was simulated by applying a vertical force of 600 N. Stair climbing was simulated by applying an additional torsional moment to the distal part of the femur through a weight-and-pulley system acting on a transverse crossbar connected to the metal cylinder holding the specimen (Figs 2 and 3) . Applying a vertical force five sixths of the bodyweight (BW), with the weight of the lower extremity subtracted, would yield a physiological resultant hip joint force in the hip simulator used in the present experiment [22, 23] . Thus, for the micromotion measurement test setup the 600 N vertical force corresponds to a person with a weight of 73 kg (720 N). A 13.8 Nm torsional moment was applied during the micromotion measurements. In the strain measurement setup the iliotibial band was additionally simulated. This reduced the resultant hip joint force and the torsional moment was adjusted to 10.0 Nm. The trochanter strap was held at an angle of 15°relative to the vertical axis [21] . The iliotibial tract was simulated by a wire extension from the trochanter strap to the distal part of the femur (Fig. 2) .
On the pelvic side of the jig the intact femoral head was articulated with an appropriately sized metal acetabular cup (DePuy ASR, DePuy International Ltd, Leeds, UK), which was aligned with a 45°inclination which corresponds to conventional recommendations for THA. This acetabular cup was exchanged after surgery to a 32 mm Fig. 1 The standard and experimental femoral head illustrated in a left femur. The experimental head has an extended sleeve that increases the femoral offset by 10.5 mm compared to the standard femoral head. In position 1 the taper is inserted anteriorly, which leads to a retroversion of the neck axis. In position 2 the taper is inserted superiorly which leads to a reduced neck-shaft angle polyethylene liner to articulate with the standard head and a 47 mm metal acetabular cup to articulate with the experimental femoral head. The centre of the acetabular cup was placed 110 mm lateral to the vertical force axis. The resultant hip joint force was computed for each load configuration, based on the vertical force and forces recorded by load cells at the femoral head, at the trochanter band in the micromotion setup, and at the iliotibial band in the strain measurement setup (Fig. 2 ).
Strain gauge measurements
Seven prewired triaxial strain gauge rosettes (Tokyo Sokki Kenkyujo Co., Ltd, Tokyo, Japan) were used in the simulations. The rosettes consisted of three strain gauges, each one 45°apart and oriented parallel to the longitudinal axis of the femur. The strain gauge rosettes were distributed at three horizontal levels 14, 34, and 64 mm below the most inferior point on the femoral head, on the anterior, posterior, and medial aspects of the proximal part of the femoral shaft (Fig. 4) . The positions of the strain gauge rosettes correspond to the Gruen zones as previously described and evaluated by Aamodt et al. [20] . The gauge outputs were recorded by a measurement amplifier (UPM 100, HBM, Darmstadt, Germany). The strain measurement was first performed for the intact femur in the onelegged stance and stair-climbing configurations, and thereafter repeated for the operated femur with the standard head and the two experimental femoral head positions. For each load configuration the measurements were repeated three times. The intervals between successive cycles were 10 s. The intervals between the different head configurations were at least 5 min. Principal tensile and principal compressive strain was continuously calculated during data acquisition. Due to the bending moment of the femur the principal tensile strain was analysed on the lateral and anterior side, and the principal compressive strain on the medial side [24] . The principal strain values for the three femoral head configurations are presented as a computed percentage value relative to the intact strain values for each load configuration.
Micromotion measurement
The micromotion measurement device used in the present study was described in detail by Østbyhaug Fig. 2 Schematic illustration of the hip simulator. To the left the test setup for strain gauge measurements is illustrated, with gauge rosettes and the iliotibial band. To the right the test setup for micromotion measurement is illustrated with the micromotion jig, and without the iliotibial band. The jig allows the femur to rotate freely around its longitudinal axis, and to tilt freely in the medial-lateral plane et al. [25] who used it to compare the primary stability of two femoral stems in a cadaver study. After completing the strain measurements, the micromotion jig was attached. The testing configuration was identical in the two experimental setups except for the iliotibial frame which could not be combined with the micromotion jig (Fig. 2) . The micromotion testing thus constituted a different configuration regarding forces in the experiment.
The micromotion measurement device consisted of two main components: a femoral ring attached to the femoral cortex, and a transducer frame attached to the femoral implant. The femoral ring consisted of three 18 mm ceramic hemispheric ball probes fixed to a circular frame. The circular frame was locked to the bone with three screws that did not perforate the femoral cortex. The transducer frame was fixed to the implant through a yoke at the shoulder of the femoral stem. The frame could be moved freely along the femur in the superior/inferior direction allowing micromotion measurement at any level along the prosthesis. Altogether six linear variable displacement transducers (HBM, Darmstadt, Germany) were used to obtain complete three-dimensional (3D) motion [25] .
The micromotion data for each femoral head in each of the two load configurations was obtained at a proximal and a distal level, 5 mm within the proximal and distal border of the coated zone of the femoral stem, respectively. The measurement was repeated five times, with a relaxation interval of 10 s between successive cycles. An average total point motion was calculated for the anterior (P ant ), lateral (P lat ), and posterior (P post ) aspects of the femoral stem (note that the measurement positions are defined in the appendix) at each measurement level (Fig. 5) . A more detailed discussion of these calculations can be found in Østbyhaug et al. [25] .
Study design
The study had a two-by-three factorial design. Factor 1 was the femoral head with three levels: standard head, experimental head in position 1, and experimental head in position 2. Factor 2 was activity with two levels: the one-legged stance and stair climbing. Thus, for each subject strain and micromotion measurements were obtained for all six combinations of the two factors.
Statistics
The mean differences in the percentage of the intact strain between the experimental head in positions 1 and 2, and the standard head were analysed using a linear mixed model, taking into account the nature of the repeated measurements in this study. The difference in strain between stair climbing and the one-legged stance was also estimated using this model. The interaction between the femoral head and activity was included to assess whether the two activities tested in this study affected the strain pattern for the three femoral head configurations in a different manner. A separate analysis was made for each strain gauge rosette. The significance level was set to p\0.01 due to multiple comparisons.
The micromotion measurements are presented as the mean calculated total point motion for position P ant , P lat , and P post at the proximal and distal coating level for the one-legged stance and stair-climbing situations.
Both the percentage of intact strain and micromotion data were checked by Q-Q plots and found to be normally distributed. All statistical analyses were performed using the software package SPSS 16.0 (SPSS Inc., Chicago, Illinois).
RESULTS

Strain measurements
In the proximal strain gauge rosettes, especially on the medial side, the strain was considerably reduced after implantation of the femoral stem (Figs 4(a)   Fig. 3 Photograph of the hip simulator. The femur is covered by a wet towel to keep it humid )). This was observed regardless of which femoral head configuration was tested. The configurations with increased femoral offset and altered neck angles generally yielded an increase in strain compared to the standard head. For strain gauge position B med , C med , B lat , and C lat both experimental head positions 1 and 2 gave a significant increase in strain compared to the standard head (Table 2 ). In strain gauge position C ant the experimental head in position 1 gave a significant increase of 14.2 per cent compared to the standard head (p = 0.001, 95 per cent confidence interval (CI) 6.0 to 22.4). This was the largest significant increase in strain observed for the experimental head. The change of activity from the one-legged stance to stair climbing significantly influenced the strain at gauge positions A med , B med , C med , and B ant ( Table 3 ). The gauge rosettes on the medial side showed a very small change in strain (0.6 to 4.7 per cent), while for B ant there was a difference between the values obtained during a one-legged stance and stair climbing of 86.3 per cent (p =\0.001, 95 per cent CI 2113.5 to 259.2). Only for strain gauge position C med was there a small, but significant interaction between activity and the femoral head in position 1 compared to the standard head (mean difference: 26 per cent, p = 0.006, 95 per cent CI 210.0 to 21.8 ).
Micromotion measurements
The total point motion was very small for all three femoral head configurations both in the one-legged stance and stair climbing (Fig. 5) . The micromotion in the distal coating area was larger than in the proximal level. However, only for the femoral head in position 1 did the micromovements slightly exceed 40 mm for the stair-climbing activity at position P post and P lat . At the proximal level, all measurements were less than 22 mm.
Resultant hip joint forces
The mean resultant hip joint force in the strain test configuration for the standard head situation was 1421 N during the one-legged stance and 1464 N during the stair-climbing activity. In the micromotion test configuration the resultant hip joint force for the standard head situation was somewhat higher: 1677 N for the one-legged stance and 1737 N for the stair-climbing activity. The resultant hip joint force was reduced in the test situation with experimental heads compared to the standard head (Table 4) .
DISCUSSION
Bone resorption around a cementless implant is frequently reported in the literature [26] . The clinical consequences of such bone loss are uncertain; however, preservation of proximal bone stock is a fundamental goal in THA. The cortical strain pattern can give an impression of the load transfer to the bone and the expected bone remodelling pattern. The exact level of strain required to alter or preserve bone remodelling is not known. The considerable In vitro testing of the deformation patternreduction of strain in the proximal medial femur after implantation shown in this experiment corresponds to the stress-shielding-induced bone resorption often observed around uncemented femoral implants. This experiment showed that a change from a standard to a femoral head with increased offset and altered neck angle has a relatively small influence on the strain in the proximal femur. However, for several of the strain gauge positions the differences in strain were statistically significant. The largest significant increase in strain was only 14.2 per cent and it is not clear whether this can be considered clinically relevant. This finding was on the anterior side, where the strains increased after surgery for all femoral head configurations compared to the strain values of unoperated femurs.
The increased strain induced by the increased offset and altered neck angles could theoretically lead to bone retention in vivo compared to the standard head. A recent study showed that inter-specimen variability of physiological strain could be up to 62 per cent [27] . Although the present study explores the change of strains within specimens, this relatively large inter-specimen variability indicates that changes up to 14.2 per cent are small and probably without clinical relevance. On the anterior side in the proximal strain gauge rosette B ant there was an increase in tensile strain for all three femoral head configurations in the onelegged stance simulation. The largest strain value was approximately twice the intact strain value. There were no statistically significant differences between the femoral head configurations. The same increase was not observed in the stair-climbing simulation. An altered anteversion after insertion of the femoral stem could have contributed to this change. In addition, the intact strain values for this strain gauge rosette were quite small (Table 5) and small alterations could therefore appear as large percentage differences. In several of the strain gauge rosettes there were significant differences in the strain level created by the one-legged stance and stair-climbing activity. This is not a surprising result, since the two load configurations exert different torques on the femur and also generate different resultant hip joint forces. However, the two activities had practically no interaction effect on the femoral head configurations tested. This means that the one-legged stance and stair climbing did not influence the change of strain for the separate femoral head configurations in a different manner.
A recent study from the Swedish Arthroplasty Registry has reported an increased revision rate for small-sized stems with increased neck length [17] . The latest report from the Australian Joint Registry has shown a significant higher revision rate for femoral stems with modular necks compared to conventional THA [16] . The most important reason for revision was loosening or lyses. Primary stability is crucial for bone ingrowth and secondary stability. The femoral stem used in this experiment was stable in every test situation, as the micromovements were less than the thresholds for acceptable micromotion suggested in the literature [28] [29] [30] [31] . The alteration of neck length and neck version or neck-shaft angle did not influence the primary stability. For the particular stem used in this experiment, it can be confidently stated that even the worst-case scenario of offset and neck angle alteration provided excellent initial fixation, and should not be considered to be a risk factor in considering bone ingrowth and secondary stability. The stability of femoral implants is dependent on the implant design and surface roughness and the results of this study are not transferable to femoral implants in general. The effect of modular necks on different femoral implant designs and different implant sizes should be evaluated in further research.
There are some case reports on modular neck fractures. These are potentially caused by fretting as a result of increased micromotion at the stem-neck junction. Patient weight, neck length, and varus position are suggested as risk factors for such failures. These adverse effects of modular neck THA are outside the scope of this study, and as such the presented results do not shed any light on this problem.
Three main differences exist between the standard femoral head and the experimental head as they were tested in the present study. First, the experimental head in position 1 altered the femoral neck angle by 6°retroversion, and in position 2 the neck-shaft angle was reduced by 6°. Second, the taper length of the experimental head was 10.5 mm longer than the standard head, consequently increasing the femoral offset. Generally, the resultant hip joint force was reduced for the experimental head situations compared to the standard head situation, probably caused by an increased lever arm length. As observed in Table 4 , the resultant hip joint force was smaller for the experimental head at position 2 compared to that at position 1. These results are in agreement with Johnston et al. [32] who reported that both an increased lever arm length and a reduced neck-shaft angle could reduce the hip contact force. However, the changes in resultant hip joint force cannot be used to explain the differences in the strain pattern observed in this study. It is, however, likely that the increased moment of the femur contributed to the observed changes. Finally, the diameter of the experimental head was 47 mm and that of the standard head was 32 mm. The standard head had a metal-polyethylene articulation, whereas the experimental femoral head had a metal-metal articulation. A large diameter femoral head alone would not be expected to change the strain or micromotion pattern of an implant. A possible difference in hip joint friction is difficult to account for and was ignored in this study.
Two previous studies have reported on the strain pattern created by the use of modular necks in THA. Simpson et al. [18] performed a finite element analysis on the strain pattern displayed by modular necks in anteversion, retroversion, and for two different offsets. They found similar strain results for a polished cemented stem with modular necks and a polished cemented stem with a standard offset. Umeda et al. [19] performed strain gauge measurements on composite femurs with retroverted and anteverted femoral necks coupled to a cementless stem. They reported increased compressive strain levels on the posterior side and increased tensile strain on the anterior side of the femur when the neck was retroverted, and vice versa for the anteverted neck. The strain patterns on the medial and lateral side of the femur were similar for retroverted, anteverted, and straight necks. Although it is difficult to directly compare results between experimental studies, the results of both these studies are compatible with the findings in the present study. Generally, in this paper only small changes in strain were observed. The largest increase in tensile strain was found on the anterior side for the experimental head with a retroverted femoral neck axis.
There do not appear to be any previous studies reported in the literature in which the stability of an implant when the femoral offset or neck angle is changed has been evaluated. The present study has evaluated a high offset stem with an experimental head with increased taper length. This is a situation with a quite extreme increase in the femoral offset, which leads to an increased lever arm length, and in stair climbing one would expect an increased implant torque. In the current test configuration the torque during stair climbing was held constant for all three femoral head configurations, and therefore the consequences of the increased lever arm length would not be fully reflected in the stair-climbing situation. This could lead to an underestimation of the micromotion in the stair-climbing simulation.
The in vitro experiment is a simplification of the in vivo situation. The main assumption made in this experiment is the application of muscle forces in the model. There is no agreement in the literature as to what muscles to include in addition to the abductor force [23, [33] [34] [35] . The experimental protocol used in this study is well established, and the resultant hip forces are comparable to other experimental studies [36] [37] [38] [39] . In the micromotion test setup the resultant hip joint force correspond to 244 per cent BW for the one-legged stance and 253 per cent BW for stair climbing. This is in agreement with the forces presented in telemetric studies [40] [41] [42] . In the strain measurements performed in this experiment the ilitotibial band was simulated in addition to the trochanter band. This setup reduces the resultant hip joint force. However, cortical strains are found to linearly increase load [43] , and since the strains are presented as a percentage of the intact strain, the results can be assumed to be valid for a wider range of vertical forces.
CONCLUSIONS
The deformation pattern after the implantation of a femoral stem and the primary stability of femoral stems can indirectly be evaluated by measuring cortical strains and micromotion on the bone-implant interface. The present study showed that increased femoral offset in combination with retroversion or reduced neck-shaft angle significantly changed the strain pattern on the proximal femur. The changes were overall small, and the clinical relevance is uncertain. The changes were probably too small to alter the bone remodelling of the femur. Increased femoral offset and altered neck version did not influence the primary stability of the cementless standard femoral stem used in this study and the stability was considered to be very good for all three femoral head configurations both in a one-legged stance and stair-climbing simulations. The reported higher incidence of aseptic loosening of femoral stems coupled to modular necks cannot be explained by the findings in this study.
